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1 . My name is Keith L. Black. 

2. I received my Bachelor of Science (B.S.) in Biomedical Science with distinction from the 
University of Michigan at Ann Arbor in 1978. 

3. I received my Medical Degree (M.D.) with distinction from the University of Michigan at 
Ann Arbor in 1 98 1 . 

4. From 1981-1987 I completed my internship in General Surgery and then a residency in 
Neurological Surgery at the University of Michigan Medical Center. 

5. From 1987-1991 I was an Assistant Professor in the Division of Neurosurgery at UCLA 
Medical Center in Los Angeles, California. I was promoted to Associate Professor in 
1991, and full Professor in 1994. 

6. In 1988, 1 became the Head of Neuro-Oncology at the UCLA Medical Center. 

7. In 1992, 1 became the Ruth and Raymond Stotter Chair of the Department of Surgery at 
the UCLA Medical Center. 

8. In 1995, 1 became a Professor of Neurology at the UCLA Medical Center. 

9. In 1996, 1 became the Head of the UCLA Comprehensive Brain Tumor Program. 

1 0. From 1997 until present, I have been affiliated with the Cedars-Sinai Medical Center in 
Los Angeles, California. At Cedars-Sinai, I serve as the Ruth and Lawrence Harvey 
Chair in Neuroscience, the Director of the Comprehensive Brain Tumor Program, the 
Director of the Division of Neurosurgery and the Director of the Cedars-Sinai 
Neurological Institute. 
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1 1 . 1 am presently a Director of, and a scientific and medical advisor to Imagine 

Pharmaceuticals, Inc. a company engaged in blood brain barrier drug development. 

12.1 have been the recipient of numerous grants, including 8 NIH grants and a Robert Wood 
Johnson Foundation Faculty Award Grant. 

13.1 have received numerous awards and recognitions for my scientific and surgical 
expertise. 

14. 1 have been an author on more than 250 scientific and medical publications. 

15. 1 have been on the editorial board of the following scientific and medical journals: UCLA 
Cancer Trials; Critical Reviews in Neurosurgery; Perspectives in Neurological Surgery; 
the Journal of Neuro-Oncology; Neurological Research; the Journal of Radiosurgery; 
Gene Therapy and Molecular Biology; Neurosurgery Quarterly. I am also the editor of 
the internet publication Neuroscience Medicine and Technology (Net). 

16. 1 am a named inventor on U.S. Patent Application No. 09/491,500 (the '500 application). 
I have read and understood this application. 

17. 1 understand that the Examiner has rejected the pending claims in the 6 5 00 application on 
the grounds that they are not enabled by the specification. The c 500 application teaches 
that modulators of K A tp channels can enhance delivery of therapeutics from the blood 
specifically to abnormal or malignant cells. 

14. Claim 1 of the '500 application is directed to a method of delivering a medicant to an 
abnormal brain region in a mammalian subject, comprising: administering to a 
mammalian subject having an abnormal brain region an agonist of an ATP-sensitive 
potassium channel, under conditions and in an amount sufficient to increase the 
permeability to the medicant of a capillary or arteriole delivering blood to cells of the 
abnormal brain region; and administering to the subject simultaneously or substantially 
simultaneously with the agonist the medicant, so that the medicant is delivered 
selectively to the cells of the abnormal brain region compared to normal brain regions. 

The Method is Enabled to Treat Abnormal Brain Regions Generally 

18. 1 understand that the Examiner suggests that it would be unpredictable whether the 
methods of the present invention could be used to treat any brain-based disease or 
disorder. Based on my years of research, I disagree for the following reasons. 

19. 1 along with Dr. Nagendra Ningaraj, a researcher formerly affiliated with my laboratory 
at Cedars-Sinai Medical Center and a co-inventor of the present application, as well as 
Mamatha Rao, recently published a paper in the peer-reviewed journal Cancer Research 
that describes our laboratory observations relating to K A tp expression in brain tumor cells 
and brain tumor capillary endothelium (Ningaraj NS, Rao MK, Black KL. Adenosine 5 - 
triphosphate-sensitive potassium channel-mediated blood-brain tumor barrier 
permeability increase in a rat brain tumor model Cancer Res. (2003) 63(24):8899-911) 
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(see Exhibit A). This paper, along with a paper that we published last year in the Journal 
of Pharmacology and Experimental Therapeutics (featured on the journal cover), has 
been the subject of extensive interest on the part of scientists in the field (Ningaraj NS, 
Rao M, Hashizume K, Asotra K, Black KL. Regulation of blood-brain tumor barrier 
permeability by calcium-activated potassium channels. Journal of Pharmacology and 
Experimental Therapeutics (2002) 301: 838-851). 

20. The invention is founded on our discovery that abnormal brain regions overexpress K A tp 
channels, not only on abnormal brain cells but also on the epithelial cells which these 
abnormal brain cells contact. The fact that both types of cells have high levels of 
expression of these Katp channels is important to the targeting of the medicaments to the 
abnormal brain regions. Figure 1 of the Cancer Research paper (page 8902) shows a 
schematic representation of K A tp channels in normal brain with neighboring endothelial 
cells as well as abnormal brain with neighboring epithelial cells. Blood tumor barrier 
cells and surrounding tumor cells are shown to overexpress K A tp channels. Figure 1 also 
presents confocal microscopic immunolocalization of Katp channels (green) and von 
Willebrand factor (red) in normal brain capillaries and abnormal brain capillaries. 
Yellow indicates the co-localization of Katp channels in capillary endothelial cells. The 
results establish that Katp channels are hardly detectable in normal brain microvessel 
endothelial cells, while brain tumor capillaries overexpress K A tp- 

21. Our results further confirm that when an agonist of K A tp is administered to brain tissue, 
the overexpressed Katp channels allow selective and enhanced delivery of compounds 
across brain tumor micro vessels. 

22. It was known prior to our discoveries that potassium channels can be overexpressed in 
certain non-brain tumor tissues, however, it was not until we performed our experiments 
that it was discovered that (i) primary brain tumor cells overexpress K A tp channels; and 
(ii) brain microcapillary endothelial cells adjacent to the tumor also overexpress Katp 
channels. / 



23. Exhibit B (unpublished data) shows that K A tp channels are overexpressed on metastatic 
brain tumors of diverse origin, as well as in microcapillary endothelial cells adjacent to 
those tumor cells. Specifically, Exhibit B shows that metastasized brain cancer cells 
originating from lung, breast and kidney cancers have high levels of Katp channels (left 
panels, green stain). Furthermore, these metastasized tumors also have high levels of 
expression of Katp channels on the brain microcapillary endothelium adjacent to the 
tumor (right panels, yellow cells, arrows). 

24. Our results also confirm that when an agonist of Katp is administered to metastatic tumor 
tissue (breast and lung) in the brain, the overexpressed K A tp channels allow selective and 
enhanced delivery of compounds. 



25. Exhibit C (unpublished data) shows that potassium channel agonists enhance compound 
uptake in metastatic breast brain tumor. When rats are co-injected intravenously with 
[ C]AIB and MS (a K A tp agonist), the levels of [ 14 C] in tissue taken from the brain 
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tumor is approximately three times as great as if they are co-injected in saline and 
[ 14 C]AIB. The level of [ 14 C] in the brain tissue surrounding the tumor and in the 
contralateral brain does not differ significantly between the vehicle treated and MS 
treated rats. 

26. Exhibit D (unpublished data) shows that potassium channel agonists enhance compound 
uptake in a metastatic lung brain tumor model. Intravenous co-injection of MS (a Katp 
agonist) increases the uptake of [ 14 C]AIB specifically to the tumor (versus the brain 
surrounding the tumor or contralateral brain] approximately three fold (black bars). 

27. Not only have we shown that abnormal brain regions have high levels of K A tp channels 
on both the malignant cells and on the endothelial cells, we have also shown that 
abnormal cells actually themselves enhance the expression of K A tp channels on 
endothelial cells. 

28. Figure 6 of the Cancer Research paper referenced above (page 8907) shows that specific 
binding of [ 3 H]-glibenclamide to endothelial cells is increased approximately 6-8 fold 
when the cells are co-cultured with glioma cells (compare panel A, lanes 3 to 5 or 8 to 
10). [ 3 H]-glibenclamide binds specifically to K A tp channels. These results suggest an 
increase in Katp channel density in the co-cultured cells. Consistent with these results, 
Figure 6 of the Cancer Research paper also establishes that the level of mRNA coding for 
a Katp channel subunit is enhanced in endothelial cells co-cultured with glioma cells. In 
the present of abnormal cells, mRNA for the K A tp Kir 6.2 subunit is increased (Figure 
6B, top panel, comparing lanes 1 to 3 or 5 to 4). This increase in level of mRNA 
translates into an increase in expression of the Kir 6.2 subunit protein (Figure 6C, 
comparing lanes b to c or d to f). 

29. Figure 6 of the Cancer Research paper also shows that the K A tp channels on the co- 
cultured endothelial cells are functional. The conductance of microcapillary brain 
endothelial cells is dramatically enhanced when the cells are co-cultured with tumor cells 
in the presence of the K A tp agonist minoxidil sulfate (MS) (compare Figure 6D, plot 3 
(peak at approximately -1500 RFU) to Figure 6E, plot 4 (peak at approximately -6000 
RFU)). The conductance of the co-cultured cells is higher than that of tumor cells alone 
(see Figure 6E, plot 3 (peak at approximately -4000 RFU), which demonstrates the 
influence of tumor cells on the expression of the potassium channels on endothelial cells. 

30. The results described in the Cancer Research paper indicate that localization of tumor 
cells near brain capillary endothelial cells increases the expression of functional Katp 
channels, which lead to selective increases in permeability. 

31. Based on the data described above, and our extensive experience in this field, I conclude 
that we have discovered a method to selectively deliver a medicant to a wide range of 
abnormal brain tissue compared to normal brain tissue. This method gives hope to many 
patients suffering from presently incurable brain tumors and disorders. 
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The Method is Enabled for Medicants Generally 

32. 1 understand that the Examiner suggested that the specification does not demonstrate 
delivery of an amount of any therapeutic agent sufficient to produce a therapeutic effect, 
and further, that the generalized delivery of macromolecules to the brain is precluded. 
Based on my years of research and clinical experience, I disagree for the following 
reasons. 

33. A variety of compounds, including therapeutic macromolecules, have now been shown 
experimentally to be targeted to tumor cells by the potassium channel agonists described 
in the application. 

34. Figure 3B of the Cancer Research paper referenced above shows that co-administration 
of minoxidil sulfate (MS) increases the uptake of [ 14 C]-labeled AIB, dextran and the 
chemotherapeutic agent carboplatin (CPN) (molecular weight= 371kD). Uptake of each 
of these compounds is enhanced only to the tumor center (black bars), as the level of 14 C 
is equivalent in MS treated and untreated surrounding brain (white bars) and contralateral 
brain (striped bars). 

35. The Cancer Research paper also establishes that K A tp agonists enhance delivery of gene 
therapy agents. Since the genetic components are encased in viruses, these agents are at 
least several million kilodalton (kD) in weight. 

36. Specifically, Figure 5 of the Cancer Research paper shows that MS dramatically 
enhances the delivery of Her-2 monoclonal antibody to GBM tumor-bearing athymic 
nude rats (figure 5A, comparison of panel a to b and c) and Neu polyclonal antibody to 
rat glioma (RG2) tumor models (Figure 5 A, comparison of panel d to e and f). 

37. Figure 5B of the Cancer Research paper shows the ability of MS to increase delivery of 
adenoviral-green fluorescent protein (adv-GFP) to brain tumors compared adv-GFP 
infused alone (Figure 5B, compare panels g and j). 

38. Our data also shows that the enhanced delivery of medicaments using KATP channel 
agonists results in therapeutically effective concentrations of medicament in the abnormal 
brain region. Figure 9 of the Cancer Research paper shows that tumor bearing rats 
treated with the combination of minoxidil sulfate (MS) and carboplatin (CPN) survived 
significantly longer than rats treated with vehicle alone. Figure 9A shows that the MS 
and CPN treated rats also survived longer than those treated with CPN alone. 
Furthermore, the MS and CPN treated rats showed smaller tumors on average than rats 
treated with vehicle alone or with CPN alone (see Figure 9B: MS + CPN (1.30 ± 1.2 
mm 2 ); CPN alone (5.30 ± 1.9 mm 2 ); vehicle treated (9.37 ± 2.2 mm 2 )). 

39. In view of this data, and my experience in the field, I conclude that we have discovered a 
method to selectively deliver a wide variety of medicants to an abnormal brain tissue 
compared to normal brain tissue. This method will permit delivery of many therapeutic 
agents to the brain which have been used successfully to treat cancers in other parts of the 
body. 
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The Katp agonists can be administered in any manner that provides for delivery to the 
brain. 

40. In support of the position that the claims are non-enabled, the Examiner has also 
suggested that the method or site of delivery can affect therapeutic outcome. The 
Examiner specifically notes that delivery of macromolecules of therapeutic values 
requires intracerebral injection of infusion by osmotic pumps. 

41. Prior to the present discovery, the delivery of macromolecules to the brain did require the 
use of techniques like intracerebral injection, with attendant risks that limited the 
generalized use of therapeutic macromolecules. Our discovery, however, overcomes this 
limitation, to permit delivery of therapeutic macromolecules by less invasive techniques. 

42. Our initial examples, described in the specification, utilized intra-carotid infusion. There 
is no reason, however, to believe that intracarotid delivery is required for the successful 
use of our method. 

43. In fact, the Katp agonist can be administered in any manner that delivers the agonist 
systemically to the brain vasculature, including by intravenous, intraarterial and 
intracarotid delivery. 

44. My group and I have performed several assays that show that intravenous infusion of the 
potassium channel agonist is also effective. The examples in Exhibit C and D show that 
intravenous infusion of potassium channel agonists is also effective in increasing the 
delivery of compounds to abnormal brain regions. 

45. Exhibit C shows the delivery of [ 14 C]AD3 to metastasized breast cancer tissue after 
intravenous injection of MS, which increased the delivery of AIB specifically to the 
tumor center by approximately three-fold over saline control. 

46. Exhibit D shows the intravenous co-injection of [ 14 C] AIB with MS in a metastatic lung 
cancer model. Intravenous co-injection of MS increases the uptake specifically to the 
tumor center by approximately three fold (compare black bars). 

Summary 

46. In summary, we have shown that (i) K A tp channels are overexpressed in primary brain 
and metastatic brain tumors tissue, including both the malignant cells and the capillaries 
embedded in the tumor; (ii) Katp agonists enhance the uptake of compounds in primary 
and metastatic brain tumors; (iii) normal brain does not have a high level of K A tp channel 
expression and the channels that are expressed are not found on capillary endothelium; 
(iv) Katp agonists enhance the uptake of a wide variety of molecules in abnormal brain 
tissue, including therapeutic macromolecules; and (v) Katp channel agonists can be 
effectively delivered by a variety of methods to accomplish our method of treatment. 

47. 1 declare that all statements made herein of my own knowledge are true and that all 
statements made herein on information and belief are believed to be true, and further that 
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Date: 
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Exhibit A 


Ningaraj NS, Rao MK, Black KL. Adenosine 5 '-triphosphate- 
sensitive potassium channel-mediated blood-brain tumor barrier 
permeability increase in a rat brain tumor model. Cancer Res. 
(2003) 63(24):8899-911 


Exhibit B 


K A tp channel expression on metastatic brain cancer cells and 
associated microcapillary endothelium 


Exhibit C 


Minoxidil sulfate (a Katp agonist) enhances compound uptake in 
metastatic breast brain tumor 


Exhibit D 


Minoxidil sulfate (a K A tp agonist) enhances compound uptake in a 
metastatic lung brain tumor model 
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«ated groups. Kaplan-Meier analysis was performed to detank the stat»- 

Ur^ired railed Student's / tests were used to compare the conttol and 
Spo^be statistic analyses of K, vesicle d«^r, ves.cularar^ 
StooSand deft area index comparison among differen gn^ps,wi4 w 
vlfho^g — t, were performed using ANOVA, foUowed by «*er 
paLetric analysis of Student's , test or by nonparamemc analyse of 
< was cc^Meredsma^cally ^m. 
analysis of the vesicular density and propordoii lof °>*f*™ 
vS^aTLnparcd the effect of i.e. infusion of MS with that of PBS 

ioiuaoiis. . 



RESULTS 

BBB Capillaries Differ from BTB Capillaries. Fig. 1 shows the 
differences in the response of the BBB and BTB to K A „ channel 
agonists. BTB capillaries and surrounding tumor cells oyerexpress 
K A „ channels and, therefore, may readily respond 
/Z channel agonists. In contrast, K ATr channels are hardly detected. 



in normal brain microvessel endothelial cells, which, therefore, may 
not respond to K ATP channel agonists. 

r _ Channels Mediate MS-todnced BTB Permeabfllty In- 
crease. BTB permeability, K, (/iVgAninX was measured by QAR of 
ciyosections obtained from RG2 or GBM tuiw»pbeariiig rat brains 
after the injection of a [ 14 q-labeled tracer, 5 min after tx. MS 
infusion. To determine whether K Air channels mediate ^""""J 
BTB permeability increase, rats with implanted intracerebral RCZ 
tumors received i.c. MS infusion alone or with glibenelflmide. was 
deterrnined for radiotracer [ ,4 C]-A1B in the tumor core, tumor-adja- 
cent brain tissue, and contralateral brain tissue. Comparison of 
Dseudocolor-cnhanced autoradiogrBphs of rat brain sections showed 
enhanced delivery of [ ,4 Q-AIB on i.e. MS mfhsion (Fig. 2*). Glib- 
enclamide coinfusion blocked MS-induced ["CJ-AIB uptake (Fig. 
2A). After i.c infusion of MS (30 ugfegfaiin) for 15 mm, tf, signif- 
icantly increased in the tumor center (32 * 5 |d/g/inmr P< 0.001) 
compared with PBS controls (103 ± IJS pl/gAnin). MS-mduced 
increase in BTB rjeimeabiliry was significantly inhibited (12.2 ± 3.0 
uVe/rm; P < 0.01) by coinfusion of glibenclamide (5 «rt«toun for 
15 min; Fig, IB). MS-induced tf, increase was not blocked by fteno- 
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toxin (a specific channel fahibitorX suggesting that tJ» actom of 
MS is independent of Kc» channels (Fig. IB).. In a separate study, we 
found that the increase in BTB permeability obtained wfeafixed 
dose of MS (30 MeVkgtoin) was blocked by coinfteion with gUben- 
clamide (0-25 ,*g/kg/n>in) in 8 dc«e-dependent manner (date not 
shown) Additionally, in a GBM xenograft nude rat model, we showed 
that MS (30 jig/kgAnin) also significantly increased BTB P*™*™* 
ity (52 + 8 iit/g/mm; P < 0.001), which was attenuated (24 ± 6 
J/g/min; P < 0.01) when ghbenclamide (5 ,ig/kg/mm for 15 mm) 
was arinfused with MS (Fig. 2Q. In contrast to the t^J*™*' MS 
with or without glibenclamide did not significantly afreet BBB per- 
jncabffity in normal brain surrounding tumor (2-mm area outade 
tumor margin) or in normal contralateral brain (Kg. 2C). Snrntarly. 
when infused alone or before MS infusion, glibenclamide did not 
affect BBB or BTB permeability (data not shown). 

Time Course. Tbe present QAR study m rats with implanted RG2 
tumor stowed that La infusion of MS (30 M/kg/mm) significantly 
(P < 0 001) enhanced sustained delivery of [ ,4 CJ-AIB to the tumor 
for 15-, 30-, and 60-min infusions (Fig. H). We found that the ability 
of MS to sustain BTB permeability increase up to 60 mm was 
consistent with our reported data on NS-1619 in a similar model (4). 
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In contrast, a 30- or 60-min infusion of BK failed to sustain the initial 
increase of JC, (P < 0.001) attained at 15 min (Fig. M> For compar- 
ative purpose, we infused a similar molar concentration of BK and 
NS-1619 

jr „ Channel Activation Elicits Increased Delivery of Mote- 
cute of Various Sizes, totracarotid infusion of MS (30 ^g/kg/min) 
increased BTB permeability in implanted intracerebral RQ2 tumor to 
various-sized radiotracers that normally fail to cross the BTB, includ- 
ing hydrophilic compounds such as [ 14 C>labeted- AIB, dextran, and 
a chemoAerapeutic agent, CPN. Coinfteion with MSrignfficandy 
enhanced delivery of [ M C]-labeled AIB, dextran, and CPN (Fig. 3fi> 
In contrast, {"CJ-CPN delivery was negligible in vehicle-treated rats. 
These studies furmer suggest that 

BTB permeability allow deb' very of drugs of various molecular sizes, 
including AIB (M,103,0O0X CPN Q4, 361,000), and dextran (M, 
70,000), suggesting that the effect is independent of molecular size 

^nSlstic Effect ofX 0 and K ATr Channel Agonists on BTB 
Penneabflity. To investigate whether K A „ and channel agonists 
exert a synergistic effect on BTB permeability increase, MS and 
NS-1619 were coinfused i.e. 15 min. This combination signifi- 
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VfcM NS-MI» MS NS-Mt»+M5 

Fig. 3. Tme'^e study. A, nunoodU rtfa* (MS) »d ^'If^J™^ 

!n m «W tol«t.ni the *, inoMie. DM in ,4-C •« presented » men ± SD. 

^Z^S-Aie (XfflV cBbcetatiD (CPU), tnd dextran (Da) with and 
MeL to the veto* ( Krt>«aed group. C^ obs^vedj ffl^^^f.JE 

edm* KdW, PBS ♦ OJH BMSO nd ethmoL 



candy increased BTB permeability compared with the perme- 
ability increase elicited when the dregs were infused alone (Fig, 3Q. 
This result suggests that * ATP charmel-mcdiatcd BTB Pe™^* 
increase occurs by a different pathway than the Xc channel-mediated 

ErtB-2 Antibody and GFP-Adv Delivery across the BTB. 

EibB-2 expression was demonstrated in R02 and GBM in vitro and in 
vivo (Fig, 4). Low Her-2-expressing MCF-7 (human breast tumor 
cells) were used as a negative control. Furthermore, die glial ongm of 
RG2 and GBM was demonstrated by GFAP expression in vitro andut 



investigated whether MS increases Neu, Her-2 MAb, and GFP-Adv 
delivery to rat brain tumor in vivo, m mis study, we used RG2 (Neu 
positive) tumor-bearing Wistar rats sod GBM (Her-2 positrve)tumor- 
bearing athymic nude rats. MS infusion enhanced delivery of Her-2 
MAb selectively to GBM and of Neu to RG2 (Fig. SA) tumor tissues 
without any delivery to contralateral brain tissues (Fig. SA). In con- 
trast, very little Her-2 MAb or Neu was delivered to tumor tissue m 
vehicle-treated rats (Fig. 5, Aa and Ad). MS also enhanced adv-GFP 
delivery to brain tumors. Abundant GFP expressions seen m brain 
tumor cells in rats coinfused with MS and adv-GFP (Fig. 5Bg) but not 
in the tumor periphery (TP). In addition, GFP expression was ob- 
served pwtominantly on the tumor cells because GFP colocahzed 
with GFAP (Fig, 5B(). m contrast, adv-GFP infused alone failed to 
cross the BTB and, therefore, negligabk GFP expression was detected 
on tumor cells. Furthermore, GFP expression was observed m the 
cerebral blood vessels but not in the tumor cells because the GFP did 
not colocalize with GFAP (Fig. SBI). 

r _ Channel-mediated BTB Permeability Modulation and 
CBS. Previously, we showed mat Lc. infusion of low doses of Ac. 
channel activators such as BK and NS-1619 did not alter CBF in 
tumor and normal brain (4). In the present study, using a-laser- 
openited Doppler, we showed mat U. admimstratkm of 30 pg^inm 
MS did not significantly affect CBF fTable IX aMhough BTB pome- 
ability increased in the tumor area. Mean arterial bl«»dineffluremflie 
drug-treated groups was not significantly different from the vehicle- 
treated group (Table 1). ... 

Tumor CelU Increase K ATr Channel Expression In Endothelial 
Cells. The specific binding of pHJ-gUbencbmide in the membranes 
of tumor cells and tissues was significantly higher than in membranes 
prepared from normal endothelial cells and brain tissue (Fig, 6A). 
When cocultured with tumor cells, endothelial cells showed increased 
r'Hl^Ubenclamide binding compared with endothelial cells and tu- 
mor cells alone (Fig, 6A), suggesting an increase in channel 
density distribution in the cocultured cells, possibly influenced by 
signals arising from the tumor cells. An increased [»H]-gjibenclamide 
binding in GBM compared with normal brain tissue was also observed 
/pie. &4) RT-PCR analysis also showed the influence of tumor cells 
on K A „ channel mRNA expression in endothelial cells cocultured 
with RG2 and GBM primary cells (Fig. 6B). Western blot analysis 
(Fig. 6Q and K ATr channel activity assay by potentiometry (Fig. 6, D 
and £) coiifirmed the RT-PCR results and also indicated thattomor 
cells may induce overexpression of K A „ channels m endothelial 

cells. #> • ir 

jr channel Activity. The functional activity of putative K ATr 
channels in a monolayer of HBMVECs and GBM cells was deter- 
mined by measuring their membrane ,**ential m reap^ to MS at 
various concentrations. The depolarization action of MS was tagMy 
pronounced in GBM when compared with HBMVECs (Fig. W). The 
Smne potential decreases in HBMVECs and GBM cells inre- 
sponse to the addition of MS, and a return to resting rr«rd>rane 
potential with the addition of gubenclamide was measured spectroflu- 
orometricalry using potassium ion-fluorescent dye. T^ results dem- 
onstrate K A „ channel activity in HBMVECs and GBM cells m 
response to MS. Furthermore, endothelial cells, when cocultured with 
tumor cells, exhibited higher activity than endothelial or minor cells 
alone (Fig, 6£). This finding suggests the presence of higher K AJ f 
channel density distribution on endothelial cells that were grown with 
brain tumor cells than on endothelial cells alone. This observation 
confirmed similar results obtained by RT-PCR, Western blot, and 
[ 3 HVglibenclamide binding experiments (Fig, 6A). In other experi- 
ments, we observed that MS caused a dose-dependent decrease in K 



8904 



15 



jc atf channels regulate btb permeability 



A erbR-2 expression 
Her-2 Human glioma cells 



GBM tumor 



BreastTumor (MCF-7) cells 




Neu Rat glioma cells R62 tumor 



Fig. 4. ErbB-2 and glial fibriltay acidic protein 

antibodfci to vitro m human <n) and rat <<0 <^»™ 
* W*> to GBM (*) and RG2 £>J^J^ 
lively. Low cibB-2-expjess«g MCF-7 ceBs were 
used » • negative control (c). the g^longm of 
GBM md RG2wts demonstrtted with GFAP im- 
munostaining In vitro and In vivo. 




B 



GFAP expression 

Human glioma cells 



GBM tumor 




and GBM cells that was reversed by glibenclamide administration 

( 1m^nStotlon .f K A „ Channels. W?""***^ 
where Aatp channel modulators selectively induce BTB permeabihty 
without affecting BBB permeability. Our hypothec was that such a 
selective effect might be because of increased «pre«i<ra of ^ 
channels in tumor capillaries and tumor cells compared with normal 
brain. To address this issue, we used anti-K lr 6.2 subunit (the pore- 
fonning) antibody to immunolocalize K AJF channels in paraformal- 
dehyde perfuskm-fixed GBM and RG2 tumor-bearing rat brain sec- 
tions. This analysis of rat brain or bumai, brm mmor sectons for 
expression of K ATr channels and endothelial cell marker vWF by 
twoSlor inrnnnScW^try indicated that yWF-positive tumor 
vessels (red) were also positive for K ATV channels (gwO-We dem- 
onstrated X A7P channel expression on the plasma membrane of en-^ 



dothelial. RG2, and GBM cells. We also observed more intense 
immunostaimng for K ATP channels in tumor celb (Fig, lAb) com- 
pared with normal endothelial cells (Fig, 7Aa). Microvesseb positive 
forboth antigens are shown in yeUow (Fig. 1 and Fig. 7, B and Q. We 
also sought to determine whether K ATf channels are expresseddif- 
ferentially and more abundantly on tumor ceUs than in normal brain, 
which might explain the MS-induced-selective BTB permeability 
increase. The immunolocalization study of normal brain sections 
showed some positive expression for K A1T channels in noncapflJary 
cells, whereas no positive K A1T channel expression was observed in 
normal human brain endothelial cells (Fig. 1). However, a robust 
expression of K ATT channels in GBM cells (Fig. 7Ab\ tumor capillary 
endothelium (Fig. 7, Bb and Bc\ and rat brain tumor capillary endo- 
thelial cells (Fig. 7, Cb and Cc) compared with low ^ channel 
colocalization in normal brain capillaries (Fig. 1) was observed. These 
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results strongly suggest that the selective BTB peirneability effects of 
MS and MS-inducea BTB permeability increase attenuation by glib- 
enclamide is attributable to the increased density distribution of K ATP 
channels on brain tumor capillary endothelium and tumor cells com- 
pared with normal brain capillary endothelium and normal brain cells, 



Vesicular Transport We further investigated whether vesicular 
transport is largely responsible for enhanced delivery of drugs and 
macromolecules across the BTB. We used transmission electron mi- 
croscopy to demonstrate that no changes occurred in the normal 
capillary endothelium of contralateral brain tissue after i.e. MS intu- 
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cancers, which together account tor 70% of brain turner metastases, 
are the most frequent tumors to spread to the brain. Some 70% of 
patients with non-small cell rung cancers respond to chemotherapy 
using CTN/etqposide. The response rate, however, drops to 10-30% 
for non-small cell lung cancer patients wi& brak metastases. 
the anticancer drugs fall to reach the tumor in the brain. Delivering 
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sion (data not shown). Similarly, PBS mfusioninttiriMr-b^rig rate 
did not elicit changes in tumor capillary endothelium (Fig. M2), 
although Lc MS mroskm accelerated formation of pinocytotic vesi- 
cles by invaginations of the luminal membrane of turner jcapillary 
CDdothelium (Fig, 9A4) and the alignment and movement of vesicle 
arrays along the lununal-abhniunal axis of the capularvetidrtbehum. 
These vesicles dock and fuse with basement "f^^VJ" 
appear to release their contents on the abhirmnal side of the endothe- 
balroembnme (Fig. *A4). MS ^f^™^,^"^ 
shv (Fitt. m although MS did not alter the endothelial tight junction 
SS ta S tum^pubries (Fig. 8Q. These results demonstrate 
for the first time that the primary cellular mechanism for macromo- 
lecular delivery across the BTB after X ATP cham^a^vadonis y« 
j^reased vesicular tiaiisr^a^ 

endothelial tight junctions. . . ra 

Survival Study. In Wistar rats harboring mtracranial RG2 tumors, 
we dermmstrated that MS significantly enhanced ['^PN delivery 
to tumor without affecting normal brain (Fig, 3*). In adding 
Kaplan-Meier analysis showed that rats with RG2 tumors survived 
significantly longer when treated with CPN and MS m combination 
compared with CPN only and vehicle only groups (F* 9A). The 
roeTsurvrval in the MS and CPN-treated group was 90.57 ± 6.56 
days (P < 0.01 versus CPN alone; P < 0.001 uersw untreated group) 
Snpared with the CPN alone group (55.46 ± 5.71 days) and the 
untreated group (29.56 ± 2.44 days). Combination treatment 
(MS + CPN) resulted in a significant reduction in tumor ««(F*g. 
W The mean tumor size in the combined treatment (1 JO ± U 
mnA group was the smallest of any group, followed by the group 
treatedwhb CPN only (530 ± U mm 2 ) and the vehicle-treated 
group (9J7 ± 22 mm 2 ; Fig. 9A). 
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DISCUSSION 

Therapy for Brain Tumors. The prognosis for patients with GBM 
is extremely poor, with a median survival of 9 months, primarily 
because of a paucity of effective treatment options. Although some 
agents have proved effective against tumors outside the brain, im- 
paired drag delivery across the BTB limits drug debverytp primary 
(27) and metastatic brain tumors (28). Usually, primary bram tumors 
are intrinsically resistant to drugs, only adding to the problem of 
inadequate drug delivery across the BTB. In contrast, metastatic brain 
uurwrs that spread to the brain are senstove to anticancer drags. The 
BTB, however, prevents the delivery of anticancer drags in sufficient 
amounts to achieve any therapeutic benefit Therefore, improved 
delivery of anticancer agents to brain tumors may greatly inmrove the 
prognosis of patients with metastatic brain tumors. Breast and lung 
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anticancer drugs to the brain is far more difficult than delivering such 
drugs to elsewhere in the body. For example. 88% of patients with 
Her-2-positive breast cancer develop bone metastasis, and 33% de- 
velop brain metastasis. When breast cancer patients receive Trastu- 
zumab. however, only 4% develop bone metastasis but 28% still 
develop brain metastasis. The difference, for the most part, is because 
of the difficulty of delivering anti-cancer drugs across the BBB/BTB 
to brain tumor. 

BBB Capillaries Differ from BTB Capillaries, We demonstrated 
that brain tumor capillaries overexpress channels (4, 5). These 
findings are consistent with other studies that showed overexpression 
of vascular proteins (29, 30), such as angiogenic vascular endothelial 
growth factors, fibronectin, and ov0 integrins in tumor capillaries. 
The BTB is structurally and functionally different from the BBB (3, 
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10, 31, 32). Recent studies (4, 5, 32), however, have shown that 
certain proteins are specifically expressed or overexpressed in tumor 
capillaries. We showed that tumor cells overexpress BK. type 2 re- 
ceptors (14), whereas both tumor and tumor capillary endothelial cells 
overexpress Xq, channels (4, 5) and protein kinase-G (32) and X ATP 
channels, rendering them potential targets for biochemical modulation 
of BTB permeability. Although, the magnitude of differences in 
protein expression between normal and tumor capillaries is qualita- 
tive, using a series of complimentary studies, we quantitatively 
showed that tumor capillaries have increased K AJ9 channel density, 
activity, and/or responsiveness to MS. 

Biochemical Modulation of BTB Permeability. Vasomodulators, 
such as BK, nitric oxide donors, soluble guanylate cyclase activators, 
and NS-1619, increase BTB permeability via channels (4). MS 
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Fig. 8. Mechanism of increased transport. A, induction of vesicular transport b nt 
diorna tumor capilUry endothelium and tumor cdls in vivo. 7. in the vehicte-mfttaed ret 
bmin tumor microvessel endothelial cdH (EC) .how lew vesicle, (omnrtea*) 2 
mromtkfil suhate Infusion caused an increased formation of vesicles (arrows) by luminal 
membrane (I) invsgiBitions. These vesicles, with an avenge diameter of 80-^0 nrn, dock 
and fuse with the basal membrane (BAQ J, few vesicles are seen in vchicle-tofosed rat 
tumor edit (TC), l^ninoxidil suhate, however, wgnificartry ijaessed the n^er of 
photic vesic^amm*e*to) m TC. Value, are mean £ SD (« - 5 cepUteieM). 
ITmtacaidll sulfate VMS) induced accelerated formation of transendotheliaJ pinocytonc 
vesicles in tumor csjillary endothelium without affecting endothelial tight junctions. C 
the immber of vesicles in rat glioma (RG7) tumor was significantly tfficratt tan the 
vehicle (KeAHreated group (**,/*< 0*01) in tumor capillaries, deft indices (percentage) 
in RQ2 tmnw capillaries are significantly (•», P < 0.01) Afferent fm either Vcb- or 
MS«eated normal brain capillaries. 



can also biochemically modulate K ATF channels, resulting in a sig- 
nificant BTB permeability increase, allowing the delivery of hydro- 
philic tracers, GFP-Adv vectors, and Her-2 antibodies specifically to 
brain tumor tissue. Glibenclamide coinfusion with MS attenuated 
MS-induccd BTB permeability. The efflux of glibenclamide may be a 
potential concern because it is a substrate for multidrug resistance- 
associated proteins present on brain tumor microvessels. In our study 
design, however, glibenclamide efflux should not significantly affect 
the blockage of MS-induced BTB permeability increase, because 
glibenclamide was coiiifused with MS for only a 15-min period. 
Furthermore, there was a synergistic effect between and K ATP 
channel agonists, suggesting that they act mdependently. The absence 
of any significant functional alteration in CBF by (4) and tf ATP 
(33) channel agonists is consistent with our present data (Table 1). 
The low doses of these vasoactive agents required to achieve a 
significant change in permeability allows increased drug delivery 
without the hypotensive effect expected with high doses of these 
agents. MS, when adrnirristered i.v^ also increased BTB permeability 
in a rat brain tumor model (data not shown) without mcreasing BBB 
permeability. On the basis of these observations, we are developing an 
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Lv. formulation of MS to test whether MS enhances anticancer drug 
delivery to brain tumors in human patients. 

E ATr Channels In Cerebral Vascuiatnre. The presence and role 
of Xatp channels in normal cerebrovascular endothelium have been 
described (34, 35X but their role in BBB/BTB permeability has not 
been elucidated. We demonstrated (Figs-M and B, and 7) abundant 
expression ofK A1T channels in tumor cells (In vitro and in vivo) in 
contrast to normal astrocytes and endothelial cells. Confocal images 
clearly revealed Jf ATP channel overexpression on tumor and endothe- 
lial cells compared with normal brain. Iinportantry, the tumor capil- 
laries (Fig. l t B and Q showed abundant expression of JC ATP channels 
as the K ATP channels colocalize with vWF in tumor capillary endo- 
thelial cells. Increased presence ofK ATP channels (Fig. 6, A-Q and 
their activity in endothelial cells (Fig. 6, D and £), possibly by tumor 
cell-induced signaling, was observed when endothelial cells were 
cocultured with tumor cells. Others also reported increased K ATP 
channel activity in pathological conditions such as hypoxia (36), 
which might also be true in tumors, because tumors thrive in hypoxic 
environments. In rjormal brain capillaries, however, K ATr channels 
were barely detectable even when overexpressed K AT * channels were 
detected in tumor capillaries (Fig. I). This unique feature of tumor 
capillaries offers a mechanism that can be exploited to alter tumor 
capillary r^ermeability selectively without concomitant effects on nor- 
mal brain. 

Brain Tumor Celta Induce JT ATP Channel Overexpression. In 
rat and human brain tumor cells, we demonstrated the functional 
activity of K ATP channels in normal and tumor cells alone and in 
cocultures. MS elicited higher meinbranc potential changes in tumor 
cells than in normal cells, suggesting greater density distribution or 
sensitivity of K ATP channels in tumor cells than in normal cells. 
Furmermorc, in vitro [ 3 H]gHbenclamide binding studies showed that 
JCatp channel density is significantly higher in tumor than normal 
cells/tissue (Fig. 6A). We concluded that K ATW channels are overex- 
pressed both on tumor cells and tumor capillary endothelial cells 
compared with those of normal brain, which might explain why MS 
selectively increases BTB permeability wmle leaving the BBB unaf- 
fected. Because of the observed synergistic effect of and K AT p 
channel agonists on BTB permeamlhy, /l atp channels are an addi- 
tional target besides channels (4, 5) for BTB pern*eamlity mod- 
ulation to enhance drug delivery to brain tumors. 

Mechanism of Increased Transport: Mnocytotic Vesicles or via 
Tight Junctions? Our results demcmstrate that MS induces acceler- 
ated formation of transport vesicles in both brain tumor capillary 



endothelium and tumor cells by MS-induccd activation of K ATP 



channels (Fig. 9A). Therefore, vesicular transport is largely responsi- 
ble for enhanced delivery of drugs across the BTB rather than via the 
opening of endothelial tight junctions. This finding is consistent with 
our previous study (4), in which we reported that a channel 
agonist, NS-1619, increased the density of rat brain tumor microvessel 
endothelial vesicles. A slight increase in basal BTB permeability 
might be attributable to a small increase in the number of pimcytotic 
vesicles and the tight junctional cleft index (37, 38). We found a direct 
relationship between an increase in the number of brain tumor capil- 
lary endothelial vesicles and increased BTB permeability. Impor- 
tantly, we observed that rat brain tumor capillary endothelial cells 
form far more vesicles (Fig. 85) than normal brain capillary endothe- 
lial cells without altering the endothelial tight junctions in response to 
vasoiiKxiulators, such as MS (Fig. 8Q or NS-1619 (4). 

Enhanced Survival. In a previous study, we showed that CRN 
enhanced survival when rats with mtracranial glioma were cotreated 
with NS-169 (5) or BK (13). In the present study, we showed that i.c. 
MS infusion selectively enhanced [ M C]carboplatin delivery to tumor 
tissue without increasing delivery to normal brain (Fig. 35). We also 
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through an intravascular route because of the difficulty of getting such 
vectors across the BTB. In this study, we demonstrated enhanced ana 
selective GFP-Adv delivery across the BTB after ix. coinfusion with 
MS (Fig. 55). This strategy may be useful clinically to deliver 
therapeutic antibodies with a cbernotrjerapeutic drug or gene product 
selectively to brain tumor while leaving healthy brain mtact 

Summary. Taken together, our findings demonstrate mat Aatp 
channels are effective targets for BTB permeability modulation. It is 
conceivable that other types of in^assiumcliBBiiebinayi^ aiolein 



showed that MS coinforion with CPN mi « n J"™" 
regression, significantly increasing survival (Fig. M and 1» Primary 
b^Zors. particularly GBM, frequently ^ ^ 
ins in tumor cell proliferation, as weU as poor progn osis and p atient 
survival (39-41). m P««i«ilar, Her-2, which "T^f^ » 
17-20% of OBMs (20), facilitates tumor cell proliferation C*')-Jras- 
tuaunab and 2C4, developed by Oenemech Ino, ate potential I Her-2 
receptor-based therapies for gliomas. The molecular saw ofAese 



MA* however, prevent their ^«^^«^^™ " ty ^^T^cTrernains to be thoroughly inves- 

t^nor. We denxmsuuted dial MS-in^oc^cal^d» of mMaa 0 f * ATF channels 



ff . We denxmsurao m» — — - — - - 

channels enhanced delivery of macromolecules, rrKluchng Her-2 
MAh. selectively to tumors without increasing MAb delivery to 
LtrlbnSha OEM xenograft mode. (Fig^). This finding 
suggests that therapeutic antibodies could be efficiently and selec- 
tively directed to glioma cells in vivo. In addition to MAb therapy, 
gene therapy for GBM is emerging as a potential treatment strategy. 
Efficient and selective delivery of adenoviral vectors to tumor across 
tbe BTB, however, is difficult when viral products are administered 
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tigated. This study presents evidence mat activation of tf ATP channels 
by specific agonists, such as MS, can sustain enhanced drug delivery 
selectively to tumors. Specifically, we showed mat CPN delivery to 
brain rumors can be increased using MS, resulting in enhanced sur- 
vival in rats with intracranial tumors. Furthermore. MS-mduced BTB 
permeability modulation allows delivery of macromolecules (such as 
dextmn, Her-2 MAb, and GFP-Adv) selectively to brain rumor, to 
conclusion, our results confirm that selective and enhanced delivery of 
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small and macromolecules across bram tumor ^vessels ^ *A-nr 
channel activation can be exploited to increase BTB pem^-nd 
enhance drug delivery to brain tumor. This study may have significant 
implications for improving targeted delivery of antineoplastic agents 
to brain tumors and neoropharmaceutics to- diseased brain regions 
while leaving normal brain unaffected 
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